TiC reinforced magnesium matrix composites (Mg-MMCs) were successfully synthesized by spontaneously infiltrating the molten magnesium into Ti-C preforms, simultaneously in situ forming TiC particles in the liquid of magnesium alloy. The compressive deformation behaviors of TiC reinforced Mg-MMCs were further investigated by means of uniaxial compression tests at strain rates between 10 À3 s À1 and 1 s À1 and temperature between room temperature and 200 C. Early fracture was observed in the low-temperature/high strain rate regime, fracture occurring by crack propagation at 45 degree with respect to the compression axis. In high-temperature/low strain rate regime, the flow curves exhibited the typical flow softening shape. The results show that with the addition of TiC particles Mg-MMCs can effectively improve compressive properties of magnesium matrix at testing temperature interval. When compared to the unreinforced counterpart, TiC reinforced Mg-MMCs need higher temperature and lower strain rate to avoid premature fracture.
Introduction
In the past few years, magnesium alloys are increasingly used for engineering components in the automobile industry. It offers a great potential for reducing the weight of a vehicle and thus raising fuel efficiency. In addition, magnesium alloys also possess good damping capacity, excellent castability and superior machinability. 1) However, the use of magnesium alloys has been limited because of the poor mechanical properties under high temperature. Currently, the most widely used magnesium alloys are based on the Mg-Al system, such as AZ91D. Their applications are usually limited to temperatures of up to 120 C. Further improvement in the high-temperature mechanical properties of magnesium alloys will greatly expand their industrial applications.
Magnesium matrix composites (Mg-MMCs) are a good candidate for improving the service reliability of magnesium alloys under such conditions. Mg-MMCs can effectively decrease the limitations of their rapid loss of strength at elevated temperature. Despite the high manufacturing costs, their outstanding thermo-mechanical properties make MgMMCs suitable materials for automobile industries.
Traditionally, Mg-MMCs have been produced by ex situ methods. Compared to the conventional MMCs produced by ex situ methods, the in situ MMCs exhibit the finer reinforcement in size, more uniform distribution in the matrix, cleaner reinforcement-matrix interface and stronger interfacial bonding than ex situ one.
2) Recent years, the in situ synthesis method has been extensively studied for aluminum matrix composites.
3) However, for magnesium matrix composites, this technique is still relatively new. The Mg-Mg 2 Si system is probably the earliest system studied for in situ synthesis of a magnesium matrix composite. 4, 5) The drawback for Mg 2 Si is its tendency to form coarse needle-shaped Mg 2 Si phase at high concentration of Si during conventional casting which can reduce the mechanical properties of the final material. Apart from the Mg 2 Si-Mg system, a number of other in situ systems have also been explored. These include a Mg-MgO composite formed by the reaction between Mg and B 2 O 3 6) and a Mg-TiB 2 -TiB composite formed by the reaction of Mg with KBF 4 and K 2 TiF 6 .
7)
Among widely used reinforcements, TiC ceramic particles are attractive because of their many desirable properties, such as high hardness, low density, high modulus and high wear resistance. Recently, Al-Ti-C as a typical system to synthesize TiC particles has been extensively studied by a number of researchers. Zhang. et al. 8, 9) used the reaction of Al-Ti-C preforms at high temperature under argon atmosphere protection to synthesize TiC-Al master alloy. Then, the master alloy was re-melted and diluted in molten magnesium to synthesize TiC reinforced magnesium matrix composites. Jiang. et al. 10, 11) added Al-Ti-C preforms into molten magnesium and then self-propagating-high-temperature reaction happened to synthesize TiC particulate reinforced magnesium matrix composites. Chen. et al. 12, 13) fabricated TiC/AZ91D composites with high volume percentage (>40%) by infiltrating AZ91D into Ti-C preforms. The volume percentage of the ceramic reinforcement was tailored by controlling the relative density of the preforms compacted from elemental powders. The composites were produced to a near net shape without casting process.
In present work, molten magnesium alloy was spontaneously infiltrated into Ti-C preforms, simultaneously the in situ reaction between titanium and carbon occurred and TiC particles were formed in the liquid of magnesium alloy. Then the semisolid slurry stirring technique was used to facilitate the incorporation and uniform distribution of TiC particles in molten magnesium. Because the automotive parts are often loaded under compression, compression properties of magnesium matrix composites are of great importance for structural parts exposed to elevated temperature in present and future applications. Compressive deformation behavior of TiC/AZ91D composites was examined by compression tests over a strain rate range from 10 À3 s À1 to 1 s À1 and temperature range from room temperature to 200 C. The main objective of this experimental study is to provide a new and promising magnesium matrix composites synthesis technique by using in situ reactive infiltration process and casting routes and to further investigate compressive mechanical properties of TiC reinforced Mg-MMC as function of strain rate and temperature.
Experimental
The preforms were made from commercial powders of Ti (99.5% purity, 25 mm), and C (99.0% purity, 1.5 mm). The powders were mixed (at molar ratio of Ti/C ¼ 1 : 1) in a ball mill filled with argon gas for one hour and then pressed into preforms (30 mm Â 10 mm). Commercial AZ91D magnesium alloy was chosen with nominal chemical composition Mg-9.1Al-0.8Zn-0.2Mn (mass%). The compacted preforms were placed at the bottom of a steel crucible with AZ91D magnesium alloy on it. The added amount of Ti-C preforms was controlled to obtain different volume fraction of TiC reinforced magnesium matrix composites. The preforms and magnesium alloy were heated to 800 C under the protection of argon and held for about 30 min. After that, the temperature was reduced slowly to the mushy zone. The molten magnesium alloy was stirred with a graphite stirrer for 30 min to assist the dispersion of the particles. The melts were then heated to 700 C and cast into steel mould preheated to 250 C. The dimensions of steel mould were shown in Fig. 1 . The microstructures of the composites were observed under MEF4M optical microscope (OM). The formation of new phases was monitored using D/max 2550V X-ray diffraction (XRD) with Cu K.
Cylindrical specimens 8 mm in diameter and 12 mm in height were used for compression tests. The compressive deformation behaviors were carried out at room temperature (25 C), 100, 150 and 200 C with strain rate of 1, 10 À1 , 10
À2
and 10 À3 s À1 on Gleeble-3500 machine, respectively. Figure 2 (a) shows the microstructure of TiC/AZ91D composites. The as-cast microstructure of the in situ processed composites reveals the distribution of reinforcements is nearly uniform in the matrix. TiC particles are observed to spread along the grain boundaries with Mg 17 Al 12 eutectic phase and inside the primary magnesium grains. Because the reinforcement phases are formed in situ in the molten magnesium, the interfaces between TiC particulates and matrix are clean, and the interfacial contact strength may be high. Figure 2(b) shows the X-ray diffraction (XRD) patterns of TiC/AZ91D composites. The formation of TiC ceramic particles after in situ reactive infiltration process is confirmed by the presence of TiC peaks.
Results and Discussion

Phase analysis and microstructure
There is no reaction between titanium and magnesium or between carbon and magnesium, because there will be no intermetallic compounds to appear according to the Ti-Mg binary phase diagram. Magnesium carbide can form at about 953 K and is not stable above this temperature. So, the only reaction among Ti, Mg and C during the processing can be expressed by the following reaction mode:
It can be notified that the reaction of Ti and C occurs and TiC particles are obtained without any addition of third metal powder Al. This is beneficial to thermal stability in magnesium alloys, because the addition of Al powder into AZ91D alloy will introduce more Mg 17 Al 12 phase, which is responsible for the poor high-temperature mechanical properties in most Mg-Al based alloys.
14) The poor thermal stability of Mg 17 Al 12 phase and its discontinuous precipitation can result in substantial grain boundary sliding at elevated temperatures. The accelerated diffusion of aluminum solute in magnesium matrix and the self-diffusion of magnesium at elevated temperature can also contribute to creep deformation in Mg-Al based alloys. At the same time, in situ reaction introduces reinforcement particles at grain boundaries to pin the sliding phenomenon. Reinforcement phase particles are also strongly attracted to dislocations and diffuse slowly through the matrix. So, Mg-MMCs are possible effective approaches to improve poor high-temperature mechanical properties in magnesium alloys.
Using present fabrication technique, molten magnesium alloy was spontaneously infiltrated into Ti-C preforms and TiC particles were formed in situ in the liquid of magnesium alloy. Then the semisolid slurry stirring technique was used to facilitate the incorporation and uniform distribution of TiC particles in molten magnesium. The casting process was introduced for the production of Mg-MMCs because a casting process is the most effective way to obtain low cost MMCs in scale-up manufacturing.
The synthesis processes, such as preheat of Ti-C preforms, preparation of a TiC-Al master alloy and adding the master alloy or preforms into the molten magnesium, were simplified. So there is no contamination and oxidation induced, which is inevitable when the master alloys or preforms are put into the molten magnesium.
Compression deformation behaviors
The compression properties of AZ91D alloy and 3 vol% TiC/AZ91D composites were investigated at temperatures ranging from room temperature (25 C) to 200 C and strain rates from 10 À3 to 1 s À1 . To compare the compressive behaviors of TiC/AZ91D composites with those of AZ91D alloy, the same experimental conditions were considered for hot deformation of the samples. Typically stress-strain curves obtained at different temperatures are shown in Fig. 3 .
During compression test, the flow stresses of AZ91D alloy and TiC/AZ91D composites are affected significantly by the test process parameters, including deformation temperature and strain rate. For both alloy and composites, early fracture was observed in the low temperature/high strain rate regime; fracture occurred under an angle of 45 degree with respect to the uniaxial axis. It can be found that the composites samples fracture after the maximum flow stress is reached without the softening stage. Compression fractographs of TiC/AZ91D composites were shown in Fig. 4 . It was found that the fracture surface was of a typical brittle fracture. Microcracks were gradually generated and then propagated into AZ91D matrix or through the interface between the ceramic particle and matrix. Finally with further increase in load, the cracks propagated and caused total failure of the composites. At 150 C, the composites tested at 10 À2 s À1 also fractured, but cracking occurred after the sample had accumulated significant deformation (Fig. 4(d) ). The cleavage of the ceramic phase is surrounded by knife-edge-type fracture of the AZ91D matrix, which indicates that large plastic deformation occurred before fracture. For both alloy and composites, in the highest testing temperature (200 C) and the lowest strain rate (10 À3 s À1 ), the samples did not fracture, and the stress-strain curves were characterized by peaks in stress at the initial stage of deformation, followed by a decrease in stress. This behavior is typical of recovery-controlled high temperature deformation. 15, 16) At the higher test temperature, TiC reinforced magnesium alloy matrix flow softening occurs. TiC/AZ91D composites present a low ductility at room temperature but an adequate elongation to fracture at elevated temperature, which is favorable for hot working behavior. Lower ductility at room temperature is associated with the cavity formation by the stress concentration at the interface between the matrix and the reinforcement. 17) An adequate elongation to fracture at elevated temperature is attributed to an annihilation of cavity nucleation around reinforcement particles due to the stress concentrations relaxed at the interfaces by diffusion at elevated temperatures. 18, 19) The reinforcement phases in magnesium matrix composites have a two-fold effect. On one hand, with the addition of reinforcement phases strength of the magnesium alloys is in general increased. The dispersion of fine and hard particles in the matrix drastically blocks the motion of dislocations and thus strengthens the material.
The peak flow stress of alloy and composites with deformation temperature and strain rate is shown in Fig. 5 . At a deformation temperature between room temperature and 100 C, despite a large variation in strain rate similar peak stresses were obtained for both AZ91D alloy and TiC/ AZ91D composites. It suggests that strain rate sensitivity parameters are low at temperature below 100 C. At the temperature between 150 C and 200 C, a strong variation was obtained reducing the strain rate from 10 À1 s À1 to 10 À3 s À1 . With the addition of TiC particles, the compressive strength of 3 vol% TiC/AZ91D composites was found to be higher than that of AZ91D alloy. At room temperature and 1 s À1 , the net improvement in compressive strength of the matrix alloy (AZ91D) when reinforced with 3 vol% TiC particle is around 60 MPa. The peak flow stress of TiC/ AZ91D composites (347.4 MPa) is nearly 20% higher than that of AZ91D alloy (290.2 MPa). At present testing temperature interval, TiC/AZ91D composites can effectively improve compressive properties of magnesium matrix.
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Related research also showed that the addition of reinforcement particles effectively increased the strength of matrix alloy. Zhang et al. reported that the ultimate tensile strength (UTS) of 8 mass% (about 3 vol%) TiC/AZ91 is about 19% higher than that of AZ91 alloy. 9) For the AZ92/ SiC/xxp-T6 composite, the net increase in compressive strength is around 100 MPa, when compared to the strength of the matrix alloy. 20) On the other hand, when these reinforcement phases are present in magnesium matrix composites they can reduce their ductility by preventing plastic deformation and blocking the dislocation motion. 21) In order to evaluate the influence of reinforcement addition on the hot working behaviors of the material, all the deformation conditions (strain rate and temperature) were marked by different symbols in Fig. 6 and Fig. 7 . Solid points represent the samples that did not experience cracking; the half-filled symbols represent samples that fractured at relatively high strain (" f > 0:4); Open symbols represent samples that fractured at 45 degree with respect to the compression axis at relatively low strain (" f < 0:4). The temperature-compensated strain rate ZenerHollomon parameter, Z (s À1 ) can be calculated by the following equation:
where R is the gas constant, T is the absolute temperature and Q is the activation energy for high-temperature deformation, here assimilated to Mg self-diffusion energy for (Q ¼ 135 kJ/mol). 22, 23) The temperature-compensated strain rate as a function of peak stress was plotted in Fig. 6 to represent an ideal boundary between the experimental conditions that lead to early fracture area (" f < 0:4) and the safe area (no early fracture). The boundary between early fracture area and the safe area for AZ91D alloys and TiC/AZ91D composites is also shown in Fig. 7 . Only one fractured sample is included in Fig. 7(a) in the safe area, the one of the test carried out at 100 C and 10 À3 s À1 , but the material underwent significant deformation prior to rupture. AZ91D alloys. Several researches were reported that Z ¼ 3 Â 10 13 s À1 in HPDC AS21X alloy 24) and Z ¼ 2 Â 10 14 s
À1
in another die-cast ASE210 alloy. 25) The Z value of TiC/AZ91D composites Z ¼ 5 Â 10 13 s
was shown in Fig. 7 . This value may represent the limit of hot deformation conditions because a premature fracture occurs Z > 5 Â 10 13 s À1 in TiC/AZ91D composites. Compared with AZ91D alloy, TiC/AZ91D composites need higher temperature and lower strain rate (lower Z value) to avoid premature fracture.
Conclusions
Molten magnesium was spontaneously infiltrated into Ti-C preforms, simultaneously the in situ reaction happened and TiC particles were formed in the liquid of magnesium alloy. The as-cast microstructure revealed the distribution of reinforcements was nearly uniform in the matrix.
The compressive deformation behavior of TiC/AZ91D composites obtained in the temperature and strain rate range of room temperature-200 C and 10 À3 -1 s À1 . Early fracture was observed in the low temperature/high strain rate regime. Fracture occurred by cracking propagation at 45 degree with respect to the compression axis. In the high temperature/low strain rate regime, the flow curves exhibited the flow soften shape. With the addition of TiC particles, TiC/AZ91D composites can effectively improve compressive properties of magnesium matrix at testing temperature interval. Compared with AZ91D alloy, TiC/AZ91D composites need higher temperature and lower strain rate to avoid premature fracture. 
